Brain perfusion is reduced early after subarachnoid hemorrhage (SAH) due to intracranial hypertension and early vasospasm. The contribution of these two mechanisms is unknown. By performing a prophylactic decompressive craniectomy (DC) in a rat model of SAH we aimed to study brain perfusion after the component of intracranial hypertension has been eliminated. We used 2x2 factorial design, where rats received either decompressive craniectomy or sham operation followed by injection of 250 µl of blood or normal saline into prechiasmatic cistern. The cortical perfusion has been continually measured by laser speckle-contrast analysis for 30 min. Injection of blood caused a sudden increase of intracranial pressure (ICP) and drop of cerebral perfusion, which returned to baseline within 6 min.
Introduction
Aneurysmal subarachnoid hemorrhage (SAH) is a cerebrovascular accident with high mortality, which causes both early and delayed changes of brain perfusion. Development of early brain injury (EBI) after subarachnoid aneurysm rupture has a complex pathogenesis (Sehba et al. 2012) . Vascular wall rupture leads to immediate inflow of arterial blood into subarachnoid space under pressure equal to arterial blood pressure. This causes a rapid increase of intracranial pressure (ICP), which in turn reduces cerebral perfusion pressure (CPP) and cerebral blood flow (CBF), resulting in EBI (Bederson et al. 1995 , Prunell et al. 2003 , Prunell et al. 2004 ). In addition, early vasoconstriction of both large and small cerebral parenchymal vessels, which occurs within minutes after hemorrhage, further reduces CBF (Bederson et al. 1998 , Sehba et al. 2012 . The proportion of these two mechanisms on the development of EBI remains uncertain. In order to elucidate the relative contribution of raised ICP and early vasospasms on EBI, we measured changes of CBF after SAH in rats with and without decompressive craniectomies performed before the induction of SAH. We hypothesized that elimination of intracranial hypertension achieved by https: //doi.org/10.33549/physiolres.933795 S546 Kolar et al. Vol. 66 decompressive craniectomy (DC) can improve the early hypoperfusion.
Methods
All procedures were performed in accordance with the Guidelines of the Animal Protection Law of the Czech Republic, which comply with the respective EU regulations. Special care was taken to minimize animal suffering.
Young adult male Wistar rats (AnLab, Czech Republic; 220 -240 g) were used. The animals were housed in cages by four under a 12-hour light/dark cycle, with free access to food and water.
Surgical preparation of animals and induction of nontraumatic SAH
Thirty six animals were divided into four groups. There were two experimental groups: 1. animals with induced non-traumatic subarachnoid hemorrhage (SAH, n=12); 2. animals with decompressive craniectomy and SAH (DC-SAH, n=8); and two control groups: 3. sham-operated animals that receive normal saline solution of body temperature into the subarrachnoidal space instead of blood (Sham, n=8); and 4. shamoperated animals with decompressive craniectomy and normal saline injection (DC-Sham, n=8).
All procedures were conducted under deep general anaesthesia (ketamine 100 mg/kg and midazolam 1.2 mg/kg, i.p.) with additional local anaesthesia of the skin and subcutaneous tissues of the head (trimecaine 1 % 0.3 ml).
The skull of the animals was exposed from soft tissues. In DC groups (DC-SAH and DC-Sham), bilateral fronto-temporo-parietal craniectomy and durotomy were performed. The craniectomy extended to the lambdoid suture caudally and 2 mm ahead from the coronal suture rostrally. The medial border was the sagittal suture; the lateral border approached the floor of the middle fossa. The dura was opened by a large cruciate incision. In non-DC groups (SAH and Sham), the skull above right hemisphere was mechanically thinned to allow the measurement of brain perfusion.
Femoral artery was cannulated for blood pressure measurement and also for obtaining blood to be used for SAH induction.
An ICP probe (Codman Microsensor ICP transducer, Johnson & Johnson Health Care Systems, USA) was inserted into left cerebellar hemisphere as previously described (Rooker et al. 2002) in order to avoid changes of CBF caused by supratentorial ICP monitoring (Verhaegen et al. 1992) . ICP and arterial blood pressure were measured continuously (ICP Express, Johnson & Johnson Health Care Systems, USA) during the whole 30-minute monitored period. CPP was calculated as MAP -ICP.
The prechiasmatic cistern injection model of subarachnoid hemorrhage was induced as previously described (Prunell et al. 2002) . Briefly, a small borehole was drilled 7 mm rostrally from the bregma. A needle with 26G cannula was inserted into the prechiasmatic cistern at the 30° angle anteriorly. The cannula was fixed to the skull and the needle was removed. In the SAH groups (SAH and DC-SAH), 250 µl of fresh non-heparinized autologous arterial blood was injected during 15 s, whilst sham animals (Sham and DC-Sham) received 250 µl of normal saline solution of body temperature. The amount of both blood and normal saline solution was derived from previous studies (Prunell et al. 2003) as well as previous experiments in our laboratory which showed significant hypoperfusion with acceptable mortality rate (approx. 25 %).
Rectal temperature was monitored and maintained at 37 °C throughout the experiment.
Measurement of cerebral perfusion
Changes in the perfusion of cerebral cortex were assessed using Laser speckle-contrast analysis (LASCA). This method is based on the detection of moving particles; in case of tissue perfusion these are erythrocytes (Dunn et al. 2001) . High resolution apparatus PeriCam PSI HR using PimSoft software (Perimed, Sweden) was used for measurement. The cerebral perfusion was measured in arbitrary perfusion units (PU) and reported as percent of deviation from the baseline (i.e. perfusion during 1 min before induction of SAH). The device allows to measure cerebral perfusion in designated regions of interest (ROIs). In non-DC animals, the ROI was placed over the right hemisphere where skull was thinned; in DC animals, the perfusion was measured over the craniectomies.
Statistical analysis
Cerebral perfusion pressure was determined as MAP-ICP. As a measure of the degree of vasoconstriction, we calculated resistance of cerebral vascular bed as CPP divided by a change of perfusion R = CPP / Δ perfusion, calculated as the percentage of the baseline values. GraphPad Prism 6 (GraphPad Software, Inc., USA) was used for statistical evaluation. Changes in ICP, CPP, perfusion and cerebral vascular resistance between groups were compared using two-way ANOVA for repeated measures with Bonferroni's post hoc test. Data are shown as mean ± SEM. Differences were considered significant at p<0.05.
Results

Determinants of cerebral perfusion. Immediate effects of subarachnoidal injection
DC ameliorated the early rise of ICP after subarachnoidal injection of both blood (74.8±11.5 vs. 18.4±4.6 mm Hg, p<0.001) and normal saline (76.2±6.9 vs. 20.7±1.7 mm Hg, p<0.001; Fig. 1A) , and because there were no significant differences among groups in the dynamics of MAP, CPP followed the trends observed for ICP ( Fig. 1B) . In all groups ICP and CPP returned to physiologic levels within 4 min. (Fig. 1A, B ). (C) Compared to baseline, brain perfusion was significantly reduced in all groups at the time of subarachnoid injection (p<0.001 for all groups). SAH animals showed significantly reduced perfusion within first 6 min (* p<0.05, *** p<0.001), whilst in DC-SAH group the perfusion was reduced till 28 th minute ( + p<0.05, ++ p<0.01, +++ p<0.001). Hypoperfusion was observed even in DC-Sham group ( † p<0.05, † † p<0.01). (D) The increase of resistance was observed only in DC-SAH group and it persisted till 16 th minute after SAH induction ( + p<0.05, ++ p<0.01, +++ p<0.001). Data are shown as mean ± SEM. S548 Kolar et al.
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Increased ICP at the time of intracisternal injection caused a severe reduction of perfusion in both SAH and Sham groups (25.7±5 % of baseline, p<0.001, and 35.1±8.3 %, p<0.001, respectively). Reduced perfusion at the time of the injection was observed also in both DC-SAH and DC-Sham groups (70.2±3.9 % of baseline, p<0.001, and 80.9±3 %, p<0.001, respectively), nevertheless the hypoperfusion was less severe in comparison with respective non-DC groups (p<0.001). In Sham group, the cerebral perfusion returned back to baseline within 1 min whilst it remained significantly reduced up to minute 6 after injection in SAH group (p<0.05, compared to baseline; Fig. 1C) . Surprisingly, in DC-SAH group, cerebral perfusion remained impaired up until minute 28 (p<0.05, compared to baseline), which was caused by increased resistance (Fig. 1C, D) . Mild but significant (p<0.05) hypoperfusion lasting for 6 min after the injection was observed even in DC-Sham animals (Fig. 1C) .
Changes of cerebral vascular resistance and the effect of DC
Resistance of vascular bed did not change neither in SAH, Sham or DC-Sham group, whilst increased in DC-SAH group shortly after injection (at 20 s) and remained above baseline level till minute 16 ( Fig. 1D ).
Mortality
Four animals (25 %) in the SAH group died within 2 min since the intracisternal injection. All animals in SAH-DC and both sham groups survived till the end of experiment.
Discussion
Perfusion of the brain (i.e. volume/time) is determined by cerebral perfusion pressure (i.e. MAP-ICP) and the global resistance of cerebral vessels to flow (calculated in Ohm's law analogy as CPP/flow). In the early phase after subarachnoidal hemorrhage, both determinants of cerebral perfusion change dynamically and contribute to impaired cerebral perfusion. The initial reduction of perfusion is attributed to increased volume of subarachnoid space and thus elevated ICP and decreased CPP (Bederson et al. 1995 , Prunell et al. 2003 , Sehba et al. 2012 . Nevertheless, animal studies show that the perfusion remains reduced after CPP increase (Bederson et al. 1995 , Prunell et al. 2003 , Prunell et al. 2004 , Schubert et al. 2008 ) and the hypoperfusion is not even related to development of brain edema and amount of brain water content (Westermaier et al. 2012) . In the clinical setting, a significant reduction of CBF was observed within the first 12 h after aneurysm rupture, which correlated with Hunt-Hess grade, but not with ICP or CPP (Schubert et al. 2009 ). This hypoperfusion can be attributed to early vasoconstriction (and thus increased resistance to the blood flow) caused by nitric oxide (NO) scavenging and an impairment of endothelium -dependent vasodilation (Sehba et al. 2005) . In this study we aimed to experimentally separate the impairment of CPP from changes of cerebral vascular resistance and analyze their respective contribution to the perfusion abnormalities.
The main finding of our study is that although preemptive DC prevented 25 % of deaths after injecting blood into the subarachnoid space, it led to a protracted impairment of cerebral perfusion, which was mainly caused by increase resistance of cerebral vessels. The reasons why DC performed before SAH increased cerebral vascular resistance remain unclear. Reduced brain perfusion with DC preceding SAH has been seen before in a study (Buhler et al. 2015) , where SAH was induced by endovascular puncture model (EPM). Because the intracranial hypertension contributes to the cessation of bleeding after aneurysm rupture (Nornes 1973), the DC before SAH could have led to a larger volume of the hematoma in EPM and thus made these results difficult to interpret. We avoided this bias by choosing to induce SAH by injection of a controlled volume of blood. Nonetheless, the volume was chosen as per described protocol (Prunell et al. 2002) and the results might have been different with different volumes of blood used (Bederson et al. 1998) .
In our study, both groups with DC showed brain edema with protrusion of brain tissue after subarachnoid injection. Decreased perfusion in DC-SAH group could be explained by brain herniation, which is a frequent complication of decompressive craniectomy in humans (Yang et al. 2008) . The protrusion of edematous brain tissue above the skull surface may lead to compression of vessels at the edge of the craniectomy and subsequent venous congestion and arterial occlusion (Huang and Wen 2010, Mitchell et al. 2004) , together with a degree of an impairment of cerebral microvascular regulation and metabolic deterioration (Bor-Seng-Shu et al. 2013) . The herniation was observed mostly in inappropriately small craniectomies and performing large fronto-temporo-parietal craniectomy appeared to prevent this complication (Forsting et al. 1995 , Yang et al. 2008 ) and this is the surgical approach we used in our experiment. Nevertheless, the increased resistance of cerebral vessels together with mild reduction of perfusion in DC-Sham group suggests that DC itself could have increased cerebral vascular resistance to some extent. The expansion of edematous brain and the presence of blood cells in subarachnoid space in DC-SAH group could have exacerbated these mechanisms, together with causing axonal stretch and subsequent neuronal injury (Cooper et al. 2011) .
Our experimental design was effective in terms of DC disturbing Monro-Kellie doctrine. In animals without DC, inducing a SAH caused a sharp rise in ICP, which resulted in a drop of CPP with a nadir close to 0. This was the main factor impairing cerebral perfusion during this short period after injection, 4 out of 12 animals (25 %) died at this stage. DC allowed the intracranial volume to expand enough so that there was only a minor raise in ICP following induction of SAH. All animals with DC survived SAH. The reductions of CBF in both SAH and DC-SAH groups in our experiments were less marked compared to previous studies (Bederson et al. 1995 , Prunell et al. 2003 , Prunell et al. 2004 , Schubert et al. 2008 . This can be explained by both technique of SAH induction (Prunell et al. 2003) and the method of measurement of CBF. Especially in endovascular puncture model (EPM) of SAH, the presence of blood above brain convexities can induce bias into the perfusion measurement (Prunell et al. 2003) . Also this model produces heterogeneity in the volume of blood in subarachnoid space, risks rebleeding and may induce vasospasms by a direct injury to vessel wall (Buhler et al. 2015 , Prunell et al. 2003 . Our model avoided all these disadvantages. On the other hand, LASCA method of brain perfusion measurement integrates the signal from both microcirculation and large pial vessels. In previous studies (Bederson et al. 1995 , Prunell et al. 2003 , Schubert et al. 2008 ) the CBF was measured by laser-Doppler flowmetry probes, which allow measurement in only approx. 1 mm 3 of tissue (Dirnagl et al. 1989 ) and the probes were placed away from large pial vessels, which may increase the sensitivity to detecting perfusion changes at the level of microcirculation, which are indeed functionally more important (Herz et al. 1975 , Park et al. 2001 , Schubert et al. 2009 ).
Although putting our data into clinical context should be performed with caution, there are some interesting analogies. In SAH patients, the indication, timing and extent of DC have not been fully established yet (Buschmann et al. 2007 , Otani et al. 2008 . Even though prompt decrease of ICP and increase of partial pressure of O 2 in brain tissue was described (Jaeger et al. 2003) , the correlation with patient's outcome is rather weak (Uozumi et al. 2014) . DC can be beneficial in some subgroups of patients, e.g. SAH with intracerebral hemorrhage or large Sylvian hematoma and our model did not involve these subgroups. The expansion of edematous brain can also cause axonal stretch and subsequent neuronal injury (Cooper et al. 2011) . In our animal model, DC decreased mortality of SAH from 25 % to 0 %, but worsened brain perfusion. In line, in high quality randomized controlled trial DC reduced mortality but increased proportion of severely disabled patients in brain trauma (Hutchinson et al. 2016) and similar results were observed in patients SAH (D'Ambrosio et al. 2005) .
In conclusion, cerebral perfusion imminently after SAH was mainly impaired by increased intracranial pressure in this study. Then ICP, CPP and cerebral perfusion normalize within 6 min. Pre-emptive DC effectively prevented the early alteration of cerebral perfusion pressure, but led to a protracted impairment of cerebral perfusion, almost solely attributed to increased cerebral vascular resistance. This phenomenon is likely caused by deleterious interaction between effects of DC itself and the blood in the subarrachnoidal space.
